Alzheimer's disease (AD), the most widespread cause of dementia is delineated by progressive cognitive impairment in the elderly people. During its progression, N-Methyl-D-Aspartate receptor antagonists are known to play a key role in the mechanisms of learning and memory.
Introduction
Alzheimer's disease (AD) is a gradual neurodegenerative disease accompanied by mental deterioration with large amount of neuronal loss. AD is mainly characterized by the presence of neurofibrillary tangles, amyloid plaques and the degeneration of neurons in weak brain areas such as the hippocampus and the neocortex. Although fundamental mechanisms of AD neuropathology are not well understood, upcoming evidences imply that altered NMDA receptor function and enhanced NMDA receptor-mediated excitotoxicity may add to both functional and pathological irregularity of AD. The N-Methyl-D-Aspartate receptor antagonists play a crucial role in the mechanisms of learning and memory which are the most basic cognitive functions to be influenced during the normal aging process 1 . Generally the NMDA receptor is a heteromeric ligand-gated ion channel in the Central Nervous System and are present pre-synaptically albeit at a high density postsynaptically 2,3 . Recently, it has also been discovered that NMDA receptors exhibit tetrameric assemblies. Each subunit comprises of a huge extracellular amino terminal domains 4 . In general, there are several sites on the NMDA receptor that can vigorously inhibit, activate or enhance the functioning of the receptor. These receptors are attached to high conductance cationic channels that are permeable to K + , Na + and Ca 2+ . The property of high Ca 2+ permeability make NMDA receptors apt for their function in intervening synaptic plasticity, which bring about development and learning processes 5 . However, extensive side effects and effects on learning and memory have limited the therapeutic significance of various blockers and antagonists of the NMDA receptor. Literature evidence suggests that N N'-Diarylguanidine derivatives 6 which are the specific antagonists of the NMDA receptor may have the ability to show a better potential as therapeutic reagents due to their high affinity and improved selectivity. Therefore, in the present work, we identify novel and structurally diverse NMDA receptor antagonists through a well defined sequential in-silico virtual screening protocol followed by the biological evaluation of the lead compound.
In this paper, we report a lead compound, HTS 00987, which is thoroughly validated by computational tools and tested by in-vivo studies for the treatment of AD. This compound can further be subjected to clinical trials for its development as a novel drug to treat AD. In order to achieve that, we use a 4-phase approach (Ligand-Based Drug Designing, Virtual Screening, Molecular Docking and Biological Evaluation) to discover novel leads as neuroprotective agents.
In the first phase, we use the ligand-based drug designing methods which utilize threedimensional properties of the ligands to predict the biological activities. The pharmacophore model with the highest correlation and the best RMS fit are then subjected to pharmacophore mapping and various validation studies. In the second phase, we apply the validated models for the database search in order to retrieve most potent compound. The lead compounds with good fit values, estimated activity, drug-likeness and docking score are checked for novelty by employing pairwise tanimoto similarity indices using "Find Similar Molecules by Fingerprint" protocol in Discovery Studio. In this study, all the lead compounds show low Tanimoto similarity indices to all the structures of known NMDA receptors antagonists validating their uniqueness 7 . The third phase entails molecular docking studies succeeded by evaluating the retrieved potent lead compounds for neuroprotective activity.
Materials and methods

Pharmacophore Modeling
Pharmacophore modeling is one of the most powerful and efficient approaches to identify a unique scaffold which can be generated based on ligands. Pharmacophore model was generated with an endeavor to represent the collection of key features which are vital for biological activity 8 . The HYPOGEN method was applied for the ligand based pharmacophore modeling which utilizes the biological activity values of the compounds in the training set to build the hypothesis by using Discovery Studio V2.0 software (Accelrys Inc., San Diego, CA, USA).
The "BEST" algorithm was employed to construct 255 conformers per molecule with an energy threshold of 20 kcal/mol. Excluded volumes were also considered during pharmacophore generation 9 .
Test and training set preparation
For hypothesis generation, training set molecules ought to satisfy a definite set of laws as it should be broadly occupied by structurally varied compounds (minimum 16) along with the most active compounds which have to be necessarily included in the training set and their activity range must lie between three to five orders of magnitude. For the present study, a set of 40 different compounds with biological activity values (IC 50 ) ranging between 8 nM and 13,000 nM were chosen as a "training set" to produce the hypotheses. In order to substantiate the hypothesis, the test set was organized in a similar manner to training set. The "Test set" included 19 structurally diverse compounds as of the training set by a broad range of biological activity values. Chem Draw 8.0 was exploited to outline the two-dimensional (2D) chemical structures of all compounds which were changed later into 3D structures using DS. A maximum numbers of "255" conformations were produced for every compound by employing the "BEST" conformation method for model generation which is based on CHARMm force field to guarantee the energy-minimized conformation of every molecule with an energy threshold of 20 kcal/mol. All the possible conformations of the compounds were considered and were used for hypothesis generation using DS 10,11 .
Pharmacophore generation using HYPOGEN
A 3D QSAR pharmacophore model was produced by evaluating the biological activity values of shortlisted compounds in the training set. The feature mapping module from DS was employed to choose the significant chemical features for hypothesis generation. Whilst generating hypotheses, HBD and HY features were chosen dependig on the training set compounds with a minimum of 0 to a maximum of 5 features 12,13 . The 'Uncertainty' values for the 59 compounds in the training set were 3, and values for additional parameters were kept constant.
Afterward, pharmacophore models were computed using 3D QSAR Pharmacophore module and high scoring hypotheses were collected 14 . The top scoring hypotheses were selected on the basis of correl, rms, weight, configuration, fixed cost, null cost, and total cost values 15, 16 .
Assessment of pharmacophore quality and database screening
To assess the quality of the pharmacophore, three different approaches were used. Primarily, cross-validation was carried out by rearranging the data with Fischer's randomization test. The results validated that the hypotheses generated from the training set are sound 16 . Also, the calculation of test set suggested a correlation value of 0.65 between the experimental and predicted activities. Finally, an external test set was used along with a well known marketed drug namely memantine for the validation.
Methods for validating pharmacophores:
Fisher's Cross-Validation Test
To assess the statistical significance of the generated models, we used Fisher's randomization test with a motivation to examine the activity data associated with the training set. The training sets (randomized) are used to generate hypotheses using the similar pharmacophoric features and parameters. If the data sets (randomized) yields pharmacophoric models with a better cost values, rms and correlation, then the original hypothesis is believed to have been generated by chance. With the help of the Cat Scramble program which is available in the Catalyst HypoGen module, the biological activities of the molecules in the training set were analysed and the resultant training sets were employed for the HypoGen runs. Therefore, all parameters were used in a similar fashionto the initial HypoGen calculation. It was observed that, at a 99% confidence level, Cat Scramble created 99 spreadsheets 17,18 .
Internal test set Validation
An internal test set comprised of 19 compounds, displaying diverse activity classes and different functional groups was used to determine the predictive ability of the derived model. The predictive value of test set was estimated in terms of the squared correlation coefficient (r 2 ).The prediction of desired activity was calculated on the basis of feature mapping of test set molecules onto the developed pharmacophore and their respective fit values.
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The best mapped compound was compared with least mapped compound. The fit value depends on the number of pharmacophore features that efficiently superimpose to the appropriate chemical moieties, the weight of the relevant hypothesis features spheres, the distance between the center of a particular pharmacophoric sphere and the center of the associated superimposed chemical moiety of the fitted compound 19,20 .
External test set Validation
The generated pharmacophore was also validated by employing a structurally different external set of NMDA inhibitors. The actual activity of these compounds ranged from 8 to 3000 nM. The selected ten external test set compounds were mapped onto the developed pharmacophore model. It was also validated by mapping a well known marketed drug "memantine" which is an NMDA based inhibitor as an additional quality check method. The mapping pattern (fit value) and difference between estimated and actual activity for all the compounds were thoroughly examined 21 .
Virtual screening
Virtual screening, a broadly used tool for identification of leads in silico has helped pharmaceutical industry to increase the chances of designing medicines in a lesser time 22 .
Though a thoroughly validated pharmacophore model contains the significant chemical features accountable for biological activities of potential drugs, it can be used as a 3D query to run a database search. As mentioned before, the best hypothesis (Hypo1) was utilized as a 3D query for obtaining effective molecules from the chemical databases such as NCI and Maybridge. A total of 250 conformers with a maximum energy tolerance of 20 kcal/mol were generated for every molecule in the database with the help of "best conformer generation method". To begin with, the compounds were sorted by Lipinski's "Rule of five" that sets the criteria for drug-like properties 23 . Drug-likeness is a measure to distinguish novel lead compounds by screening various available structural libraries. According to this rule, "a compound is not suitable for further studies if "MW > 500, log P > 5, hydrogen bond donors > 5, and hydrogen bond acceptors > 10". Furthermore, the molecules which showed a complete feature mapping over the query pharmacophore model was selected as a hit 24 .
To accomplish this process, two database searching options (Fast/Flexible and Best/Flexible search) are used. Of these two, the "Best/Flexible search" resulted in improved results throughout database screening, therefore, we completed all database searching experiments using the "Best/Flexible search" approach. The selected pharmacophore model was employed to screen the databases for the compounds that satisfied all five features of the selected pharmacophore.
The fit values were also calculated for selected hits on the basis of the pharmacophoric features and their deviation from the centers of the features. Compounds with higher fit values indicate good matches. The compounds that qualified all of these screening tests were shortlisted for molecular docking studies.
Molecular Docking Studies
The lead compounds obtained from ligand based database search were subjected to docking studies to check the type of molecular interactions 25 . Molecular Docking studies were carried out using the programme LibDocker which is a molecular dynamics simulated annealing based algorithm and available as an extension of DS V.2.0 26 . The crystal structure of NMDARs obtained from PDB was used for docking. The receptor protein was verified by assessing its valency, missing hydrogens and any structural disorders like connectivity and bond orders. The selected protein was divided into the protein and ligand part. The protein part was labeled as a receptor molecule while the ligand was utilized to delineate the binding site of approximately 9
Angstroms on the receptor molecule. The chemical structure of the test compound was sketched and subjected to energy minimization in order to get the highly stable structure for molecular docking studies 26, 27, 28 . Based on present coordinates, marketed drug and test compounds were employed to molecular docking studies and all the parameters were set to their default values. At the end, all possible interaction modes were analyzed on the basis of Libdock Scores.
Biological Evaluation
Since, there is no known cure for Alzheimer's disease till date, it has become one of the biggest challenges in the field of medicine. On the basis of high estimated activities, fit values, LibDock score, violation to Lipinski's and availability for procuring, one compound (HTS 00987) was finally subjected to in-vivo studies on mice using an eight-arm radial maze 29,30 .
This study was carried out in two different sets in order to assess the effect of extended treatment of diazepam-induced amnesia 31, 32 . In the first set, the treatment was provided for 7 days to mice whereas in the second set the treatment was provided for 14 days. All experiments performed were approved by the Institutional animal ethical committee. Young albino mice weighing 25-30g, provided by the CCSHAU -Hisar were used for behavioral testing. This study was performed according to the OECD 432 guidelines. The mice were divided into two sets of two groups each. The duration of treatment for animals of set I and set II was 7 and 14 days respectively. Mice were delivered two trials through the day. Every trial started with the careful cleaning of the maze by using 70% ethanol. Two arms (no. 1 and no. 3) of the arm maize were baited with food. Mice were carefully placed at the center of the octagon and were allowed an open choice which was followed by recording the selection of baited arm. The arms of the maze were not re-baited, so the first entry into the baited arm was noted as the correct choice 33, 34 . After three weeks of training, the mice were given CMC (carboxymethylcellulose, 0.5%), memantine (5mg/Kg), and HTS 00987 (5mg/Kg) which were administered twice (10 am and 7 pm) at the same time on each day orally for a period of 7 and 14 days. The experimental study was designed such that the impact of CMC, memantine and HTS 00987 could be assessed after 7 and 14 days against diazepam-induced amnesia. At the end of treatment, all the animals were subjected to diazepam (1mg/kg i.p.) 60 minutes later the drug administration, excluding the first group of every set which toiled as a vehicle control. The cognitive parameters were assessed 30 minutes later the administration of the inducing agent (Diazepam) using an eight-arm radial maze, which corresponds to learning 35 . The lead compound HTS 00987 was evaluated for behavioral studies using diazepam-induced amnesia in mice model. On the 8th and 15th day respectively, mice were placed in the center of the octagon. In order to investigate the effect of control/CMC, memantine and HTS 00987 on wistar albino mice, five parameters were examined: number of entries in the baited arm, duration in the baited arm, %correct choice, RME (Reference memory error) and WME (Working memory error) using ALL MAZE software 36 . Percent choice was estimated by halving the number of correct entries by the total number of entries in the baited arm and multiplied by 100. An entrance into an unbaited arm was counted as reference memory error and re-entry in the baited arm was regarded as working memory error 37 .
Average values for each variable were calculated for week 1 (1-7 days) and week 2 (8-14 days) and one way ANOVA was performed on the data for each week. The best ten hypotheses are comprised of only two features: HBD and HY. Hypo1 contains two HBD and three HY which establishes the biggest cost difference (69.23), best correlation coefficient (0.91), highest fit value (9.296) and lowest root mean square deviation (RMSD) of 0.88. The fixed and the null cost values are found to be 146.091 and 231.594 respectively where "fixed total cost" is dependent on the sum of the cost components including weight cost, error cost, and configuration cost. Principally, there are two essential contents that are practiced for cost analysis (a) the difference between null and total cost (cost difference) and (b) the difference between the fixed and null costs. The fixed cost corresponds to a cost of the general hypothesis, which ultimately predicts the activity of compounds in the training set with the lowest deviation.
Results and Discussion
On the other hand, the null cost signifies the cost of a hypothesis. The difference between these two costs should be greater than 70 bits to show the over 90% statistical significance of the model. The cost difference must be larger than 60 bits to signify an accurate correlation data. In these results, all the hypotheses have the HBD and HY group, implying that HBD and HY groups play an important role in N N'-Diarylguanidine inhibition. We find that the cost difference between null and fixed cost is 85.50 which is clearly more than 70 bits. All hypotheses have a correlation coefficient of higher than 0.79, but Hypo1 shows the highest correlation coefficient values of 0.91, demonstrating good prediction ability of Hypo1.
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Hypo 1 showed high cost difference and correlation value with lower RMSD values on being evaluated with other hypotheses. Thus, Hypo1 is chosen as the "best hypothesis" and used for other analysis. Fig. 1 shows the chemical features of Hypo1 with its geometric parameters. To verify the prediction accuracy of Hypo1, training set is used and the activity of each compound in training set is estimated by regression analysis. It is observed that "Hypo1" is proficient to assess the activities of compounds. The experimental and estimated activities for training set compounds are shown in Table 2 . A plot between the observed activity versus estimated activity demonstrates a good correlation coefficient (r 2 = 0.83) for training set compounds, indicating the high predictive ability of the pharmacophore as shown in Fig. 2. 
Validation of hypothesis
Validating the generated hypothesis is a vital step in drug development. There are a number of known methods such as (a) preparation of the test set, (b) Fischer's randomization method and (c) external test set that can assess the quality of pharmacophore. These methods are explained below:
Fischer randomization method
The foremost reason of this assessment is to confirm the strong correlation amid the chemical structure and biological activities of compounds 38 . The Fischer validation method is applied at a confidence level of 99% to the developed HypoGen model, where 99 random spreadsheets (hypotheses) were generated (Fig. 3) . Various pharmacophore hypotheses are generated by randomizing the activity data of the training set compounds with the matching characteristic features and parameters employed to develop the new pharmacophore hypothesis. We observe that none of the resulting hypotheses had a lower cost score than the initial hypothesis which verified that the hypothesis 1 has not been obtained by chance. The data from this validation clearly suggests that all values generated after randomization produces hypotheses with no predictive values similar or near to that of hypotheses1 as shown in Fig. 3 . On analyzing the 99 runs, the value of correlation coefficients is found to be relatively low as shown in Fig. 4 . The RMS values and the difference between total costs and the null cost are also found to be high which is not considerable for a good model. Hence, this validation procedure provided strong confidence in the chosen pharmacophore model (hypothesis1).
Internal test set validation
In order to confirm whether the generated hypothesis is able to estimate the activity of compounds other than training set compounds, a test set comprising of 19 compounds is used for further validation. The compounds that are not included in model generation are used as the internal test set. All the 19 compounds are mapped onto the generated pharmacophore model using the best fit and conformational energy constraint of 10 kcal mol. Fig. 5 represents a plot between actual and estimated activities of the test set with r 2 = 0.65. This clearly highlights the good predictive ability of our pharmacophore model.
External Test Set Validation
The major goal behind the pharmacophore modeling is to utilize them in the hit/lead identification and optimization phases of the drug discovery paradigm. However, predictive quality of the generated model(s) must be evaluated well before its use. External test set validation is one of the best ways to predict the qualities of the generated model. Here, we validate the generated pharmacophore using a structurally diverse external set of NMDA inhibitors. The actual activity of these compounds lies between 0.068 to 2.1 nM. The ten external test set compounds are later mapped onto the generated pharmacophore model. The mapping pattern (fit value) and the difference between the estimated and actual activity of all the compounds is analyzed thoroughly. The mapping of the best fit molecule of the external test set is shown in Fig. 6 . The predicted and the actual activity for external test set compounds ( Fig. 7 with r 2 = 0.87) testifies the universality of the hypo-1.
Database screening
The validated pharmacophore hypothesis, Hypo1, is utilized as a 3D structural query for obtaining compounds from chemical databases including NCI (238 819 compounds) and
MayBridge (59 652 compounds). As a result, the first screening resulted in 171 and 299 compounds from NCI and Maybridge respectively 38 . The retrieved hit compounds are filtered on the basis of Lipinski's violation and the estimated activity values calculated by Hypo 1.
Ten potential compounds are selected after refining a total of 470 hits which display a perfect four feature mapping with a good fit value ranging from 10.18-7.775 respectively and zero Lipinski's violation.
Molecular docking studies
Molecular docking is a computational technique that illustrates conformations of compounds in protein binding sites. The main aspects to determine the quality of docking method is docking preciseness, which identifies the correct binding modes of the ligands to the target protein using Amine and hydrogen present on 1-ethylamino-3-methoxy-2-methylpropan-2-ol shows hydrogen bond and Vander Waals interactions with Pro170, His88 and Lys87 respectively as shown in Fig.8 (A) . Interaction analysis of reference drug memantine reveals that amine group present on adamantan-1-amine ring is involved in hydrogen bond interactions with Ser131, Tyr282, Gly264 and Ser260. Methyl present on the 3 rd and 5 th position of amine ring showed Vander Waals interactions with Asp283, His127 and Arg292 as shown in Fig.8 (B) . Another Carbon present at the second and third positions of methoxyphenyl amino group is interacting with Tyr214 with an interfeature distance of 1.031. The interaction analysis of memantine shows hydrogen bond interactions with amino acid residues His88, Tyr214 and Gly13 Fig.8 (B) .
In view of good fit values, estimated activity, drug-likeness, docking score and availability for procuring, HTS 00987 is checked for novelty by employing pairwise tanimoto similarity indices using "Find Similar Molecules by Fingerprint" protocol in Discovery Studio. HTS 00987 shows low tanimoto similarity indices of 0.014 to all the structures of known NMDA inhibitors confirming their novelty 39 . Hence, in the course of this research attempt, we discover one druggable potent N-Methyl-D-Aspartate Receptor antagonist which can be further explored in clinical trials. Fig.9 (B) Day 14: M= 52.5, S.D= 1.89, p<0.05) as shown in Fig.9 (D) .
Analysis of the in-vivo studies
In summary, HTS 00987 shows a remarkable increase in the number of entries in the baited arm, duration in baited arms, % correct choice and a significant decrease in RME and WME in diazepam-induced amnesia in mice as compared to memantine during week 1 and surprisingly its repeated administration also showed a noteworthy increase in memory. In view of the aforementioned results, it can be concluded that HTS 00987 has shown good neuroprotection properties and the lead compound can be subjected to clinical trials for their development as novel drugs.
Conclusion
The virtual screening protocol using the highly validated pharmacophore model leads to the identification of several druggable compounds, one of which is experimentally validated. In the presented results, the lead compound has shown a good in vivo potency. The compound identified has a potential to assist the development of novel neuroprotective agents for the treatment of Alzheimer's disease. Moreover, the identified compounds can serve as a template for designing new NMDA receptor antagonists. In conclusion, our study clearly shows that if elucidated and validated properly, the ligand-based pharmacophore can be a powerful source for identification of novel leads from chemical compound databases.
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